T H 17 cells and their associated signature cytokines, IL-17 and IL-22, are highly elevated in primary Sjögren's syndrome (pSjS). The levels of IL-22 present in sera showed significant correlations with many disease parameters, specifically hyposalivation, anti-SSB, anti-SSA/SSB, hypergammaglobulinemia and rheumatoid factor. The present study aims to examine the biological function of IL-22 on human salivary glands. To accomplish the goal, microarray analysis using the HumanHT-12 v4 Expression BeadChip was utilized to determine the biological function of IL-22. Differential expression analyses were conducted using the LIMMA package from the Bioconductor project. MTT assay, flow cytometry and Western blotting were used to identify the function of IL-22 on human salivary gland cells. Results indicate an extensive effect of IL-22 on many major molecular functions including activation of antimicrobial genes and downregulation of immune-associated pathways. Functional studies performed in-vitro using human salivary gland cells treated with IL-22 indicated a direct effect of IL-22 on cell cycling, specifically reducing cellular proliferation at the G2-M phase by activation of STAT3. These results suggest the important role of IL-22 in the salivary gland function. The present study suggests that IL-22 might be involved in regulating inflammation and controlling the cell proliferation in SjS.
Introduction
Sjögren's syndrome (SjS) is a complex chronic autoimmune disease that targets the exocrine glands, predominantly the salivary and lacrimal glands, resulting in xerostomia and keratoconjunctivitis sicca. While SjS can be diagnosed as a stand-alone disease, referred to as primary SjS (pSjS), it is often seen in association with other autoimmune diseases, referred to as secondary SjS [1, 2] . The underlying pathogenesis of SjS is still elusive, but is thought to involve abnormal salivary gland homeostasis, neural circuitry malfunction from the presence of autoantibodies, and progressive tissue destruction mediated by infiltrating cells [2] . One of the major criteria in the disease diagnostic is the presence of periductal lymphocytic infiltrations, observed as lymphocytic foci (LF) in the salivary and lacrimal glands [3] . Although, LF are not correlated with the severity of the autoimmunity, they remain a critical element in understanding the etiology of the disease. Our previous studies demonstrated the presence of T H 17 cells producing interleukin (IL)-17 and dendritic cells (DC) producing IL-23 in the salivary glands of human and animal models of SjS [4] . While neither IL-17 nor IL-23 correlated significantly with major disease parameters, levels of IL-22 correlated directly with hyposalivation, anti-SSB, anti-SSA/SSB combined, hypergammaglobulinemia and rheumatoid factor (RF) [5] . Furthermore, Ciccia et al. have shown that IL-22 and associated cytokine IL-17 and IL-23 is highly present in the inflamed salivary glands of primary SjS patients [6] . IL-22 is a cytokine belonging to the IL-10 family, along with IL-10, IL-19, IL-20, IL-24, and IL-26 [7] . IL-22 mediates host defenses against invading pathogens. It requires the presence of IL-23 in order to be expressed by immune cells [8] . IL-22 is produced predominantly by CD4
+ T H 17 cells, but its expression can also be found among other activated T cell subsets, natural killer (NK) cells, DC and innate lymphoid cells (ILCs), although at lower levels [9] . IL-22 receptor (R) complex is a heterodimeric molecule composed of IL-22RA1 and IL-10R2 [10] expressed mainly on non-hematopoietic cells such as keratinocytes, epithelial cells, and pancreas acinar cells [11] . The receptor transduces a signal through phosphorylation of tyrosine kinases JAK1 and TYK2, followed by the activation of STAT3, and to a lesser degree heterodimeric STAT1/3 during a signaling cascade [12] . IL-22 has also been reported to activate signal transductions via the MAPK pathways of ERK1/2, JNK, and p38 for induction of IL-22 related Genomics Data 7 (2016) 178-184 genes [13] . Epithelial cells express high levels of IL-10R2 and IL-22R1, therefore IL-22 can initiate a strong response from epithelial cells which includes production of cytokines, chemokines, acute phase proteins, and a number of anti-microbial molecules such as β-defensin, lipocalins, and S100 calcium binding proteins [7] . It is also involved in tissue repair following exacerbated immune responses and epithelialbarrier functions against bacterial infection [14] . Interestingly, IL-22 has been shown to be pathogenically associated with several autoimmune diseases including rheumatoid arthritis [15] , Crohn's disease [16] , as well as non-autoimmune diseases such as respiratory-distress syndrome [17] and cystic fibrosis [18] .
The association of IL-22 with several major disease parameters is striking [5] . Increased levels of IL-22 were significantly present in the salivary glands of pSjS patients and the major source of IL-22 production was identified to be NKp44(+) NK cells [6] . At the present, however, little is known about its biological and immunological effects on the gland cells. As a result, the focus of this study is to first examine the global downstream biological function of IL-22 on human salivary gland cells, then subsequently determine its specific role in cellular proliferation. Results indicate IL-22 has significant impact on a number of biological and molecular pathways, particularly the cell cycle of gland cells.
Materials and methods

Sample and RNA preparation
Human submandibular gland (HSG) cell line was initially generated at the National Institute of Dental and Craniofacial Research (NIDCR). HSG cells were generously provided by Dr. Seunghee Cha who obtained it from Dr. Joseph Katz at the University of Florida [19] . HSG cells were cultured in complete media and treated with recombinant (r) IL-22 at 100 ng/mL for 45 min. Reactions consisted of replicates of three wells. Total RNA was isolated as instructed by the manufacturer (AM1921, PARIS kit, ThermoFisher). Total RNA was labeled with biotin using Target Amp cDNA synthesis kit (Epicenter). Labeled cRNA was hybridized to the HumanHT-12 v4 Expression BeadChip (Illumina).
Differential gene expression analysis
Microarray hybridization and analysis were carried out as previously described [20, 21] . In brief, microarray data were normalized via the lumi package in R, using the variance stabilizing transformation of the package and robust spline normalization. Differential expression analyses were conducted using the LIMMA package from the Bioconductor project [22] . We used the false discovery rate (FDR) to adjust for multiple testing [23] . B-statistic (the log of the odds that the gene is differentially expressed) was calculated for each gene. Duplicate genes, when present, were removed and their expression levels averaged across the duplicates. A total of 392 genes (88 upregulated and 304 downregulated) were found with at least 1.5-fold change in expression levels. Gene expression levels of selected genes were confirmed by real-time PCR (data not shown). Gene Ontology analysis was done by the Bioconductor package and "GOstats" was used for testing the enrichment of Gene Ontology terms (biological processes, molecular functions and cellular compartments) in the differentially expressed genes [24] . A p-value based on the hypergeometric test was computed to assess whether the number of genes associated with the term is larger than expected. The p-values obtained were adjusted for multiple testing using the FDR. ) were treated with recombinant (r) IL-22 cytokine (R&D) at a concentration of 0, 10, 50, 100 or 500 ng/mL in triplicate for 48 h. MTT solution (Sigma) was added 4 h before the 48 h stimulation. At 48 h, supernatant was discarded and MTT solvent was added to dissolve purple MTT crystals. Contents from each well were transferred completely to an ELISA plate and absorbance values were read using an ELISA plate reader at wavelength 570 nm and with background absorbance at 655 nm subtracted. 
Flow cytometry for cell cycle
HSG cells (2 × 10 5 ) cultured in complete media were treated in triplicate with rIL-22 at a concentration of 100 ng/m. Cells were allowed to proliferate for 72 h at 37°C with 5% CO 2 and then treated with DyeCycle Ruby stain according to the manufacturer's instructions (Life Technologies). After 30 min at 37°C incubation, cells were trypsinized and analyzed using Accuri C6 Flow Cytometer (Accuri). Data analysis was performed using FlowJo (Tree Star).
Western blotting
HSG cells (2 × 10 5 ) were plated overnight in serum-free media. Cells were stimulated in triplicate with different concentration of rIL-22 for 45 min (0, 10, 50, 100 and 500 ng). At a specific concentration, cell lysates were obtained using nonidet-P40 (NP40) buffer (150 mM NaCl, 1.0% NP-40, pH 8.0 50 mM Tris). The lysates were separated on 4-20% linear gradient SDS-PAGE gels and transferred to PVDF membranes. The membranes were probed with primary antibodies, including anti-STAT3 and anti-pSTAT3 at 1:1000 (Cell Signaling) and anti-β-actin at 1:20,000 (Sigma). Secondary IRDye infrared dye antibodies were used (1:20,000 for IRDye 800CW for anti-β-actin and IRDye 650 for anti-STA3 and anti-pSTAT3). The signals were visualized using the Odyssey imager (Li-Cor). Signal intensity was quantified by ImageJ with relative fold difference obtained by normalizing against respective β-actin levels. The experiment was repeated twice for consistency.
Statistical analysis
Statistical evaluations were determined using the Mann-Whitney U test. A two-tailed p value b 0.05 was considered significant. Data are presented as mean ± SEM. Statistical analyses and graphs were generated by the GraphPad softwares (GraphPad).
Results
Differential gene expressions in HSG cells mediated by IL-22
IL-22R (IL-22Rα1 and IL-10R2) are expressed on non-hematopoietic cells, but not on hematopoietic cells, suggesting IL-22 mediates downstream effect via a paracrine system. Moreover, IL-22R is highly expressed in the salivary glands of SjS patients and animal models. However, the biological effect of IL-22 on the salivary gland epithelial cells has not been explored. To address this issue, rIL-22 was used to stimulate HSG expressing both subunits of IL-22R as a means to profile the physiological function(s) IL-22 exerts on salivary gland epithelial cells. HSG cells were stimulated with rIL-22 for 45 min at 100 ng/mL. Total RNAs were isolated from stimulated cells and subjected to transcriptome analysis using microarray. As indicated in Fig. 1 , based on HP Cluster analyses, stimulation of rIL-22 resulted in two distinctive differential gene expression (DGE) clusters with the majority of the gene sets down-regulated (specifically a total of 392 genes with at least 1.5-fold change in expression levels, with 304 down-regulated and 88 up-regulated). Examining individual genes (Fig. 1) within the two clusters revealed up-regulation of two antimicrobial proteins, S100A9 and β-defensin-1 (DEF-β1). In addition, IL-22 up-regulated carbonic anhydrase 9 (CA9), heat shock 60 kDa protein 1 (HSPD1), and early growth response 1 (EGR1), each having been shown to be associated with SjS. Of the 304 genes down-regulated, a number of these genes exhibited immune-modulated functions particularly IL-1α, IL-1β, IL-8, TGF-βI, CCL2, tumor necrosis factors associated (TNF-α, TNFRSF10B, TNFRSF21, TNFAIP3, NFATC1), major histocompatibility complexes (HLA-DMA, HLA-B, HLA-E, HCP5), and matrix metalloproteinase 9 (MMP-9). Therefore, DGE data suggest that IL-22 plays a significant role in activating anti-microbial gene products while negatively regulating gene sets associated with inflammation, thereby contributing to the general suppressive function of IL-22.
Pathway analysis based on transcriptome profiles of HSG cells stimulated by IL-22
To further understand the role of IL-22, the transcriptome profile was employed to discern general functions of the cytokine on gland cells. Differential expression analyses were performed using the LIMMA package. The Bioconductor package "GOstats" was used to compartmentalize significant associations of the 392 differentially expressed genes with biological processes, molecular functions and cellular compartments. Some 374 biological processes (Supplementary Table 1 ) proved to be statistically significantly affected by IL-22 stimulation. The 13 most highly significant processes are presented in Table 1 . The majority of these biological processes involve glandular development, regulation of steroid hormone stimulation, cell proliferation and apoptosis, processes implicated in SjS of both human and animal models [20, 21, 25] . The molecular function and cellular components that drive these processes are also activated, as presented in Tables 1 & 2 . Analysis of the KEGG pathway revealed similar biological processes such as steroid biosynthesis and cell cycle pathway with p53 signaling. In addition, the KEGG pathway analysis showed significant associations with autoimmune responses and inflammation, specifically, antigen processing and presentation, NOD-like receptor signaling pathway, ECMreceptor interaction, type I diabetes mellitus, p53 signaling pathway, graft-versus-host disease, allograft rejection and malaria. Microarray data analysis uncovered a number of important pathways, which are significantly associated with IL-22 exposure ( Fig. 2A) . One pathway that appears to be consistently present in both biological pathway and KEGG pathway analysis is the cell cycle regulation. Consistently, the differentially expressed genes tend to indicate a strong association with cell cycling whether analyzed by their biological processes, molecular functions or cellular components, defined by KEGG. Examining individual genes revealed that most of the transcripts are down-regulated when exposed to rIL-22 (Fig. 2B) , substantiating the potential suppressive nature of IL-22.
IL-22 induces cell cycle arrest at the G2-M phase of the cell cycle
As presented, DGE cluster analysis has indicated that IL-22 exhibited antimicrobial and immune-modulation functions. More importantly, biological function analysis has suggested that IL-22 is involved in cell cycling, although the precise manner or mechanism remains unknown. To examine the effect of IL-22 on cell cycle effects, HSG cells were treated with rIL-22 at concentrations of 10, 50, 100, or 500 ng/mL and absorbance measurements were taken at 48 h after treatment. MTT assays were performed to examine the viability potential of IL-22 on HSG cells. Results presented in Fig. 3A reveal that rIL-22 induced a significant decreased in cell viability when treated at 10 (p = 0.0138), 50 (p = 0.0167), 100 (p = 0.0247), and 500 (p = 0.0092) ng/mL when compared to untreated HSG cells. These results indicate a concentrationdependent activity of IL-22 on cellular viability and proliferation.
To determine which phase of the cell cycle is affected by IL-22, cells were treated with 100 ng/mL of IL-22, and then analyzed against untreated cells via flow cytometry. Analysis revealed that 17.7% of untreated cells were in the G2-M phase of the cell cycle compared to 25.8% of IL-22 treated cells, whereas no significant changes in the percentage of cells in G1 and S phase were observed between IL-22 treated and untreated cells (Figs. 3B-F) . The signal transduction pathway of IL-22 is channeled via the Jak-STAT pathway inducing the phosphorylation of STAT1, STAT3 and STAT5 [12, 13, 26] . As indicated in Fig. 4 , stimulation of HSG with rIL-22 activated STAT3 and pSTAT3 in a concentrationdependent manner. No significant changes were observed with STAT1, STAT5 and STAT6 or pSTAT1, pSTAT5 and pSTAT6 (data not shown). These results indicate that treatment of HSG cells with IL-22 induces cell proliferation arrest, which occurs at the G2-M phase of the cell cycle. In addition, IL-22 signal transduction pathway in HSG cells is mediated via the activation of STAT3. Therefore, IL-22 has the potential to reduce viability and proliferation by causing cell cycle arrest mainly at the G2-M phase. (n = 3) . Each experiment was performed three times for consistency. Statistical significance was determined using Mann-Whitney U test. The twotailed p value b0.05 was considered significant. NS: not significant, *p b 0.05.
Discussion
Previous studies have demonstrated that IL-22 levels are elevated in the sera of patients with pSjS, and this correlated significantly with lower saliva flow, anti-SSB, both anti-SSA and anti-SSB, RF, and hypergammaglobulinemia. However, at present, the biological function of IL-22 in salivary gland remains unknown. Using transcriptome analysis, we have explored the global transcriptional changes in HSG cells mediated by IL-22. The present study demonstrates a systemic effect of IL-22 on many major molecular functions. KEGG pathway analyses showed that IL-22 contributes specifically to steroid biosynthesis, type I diabetes mellitus, p53 signaling pathway, cell cycle, graft-versus-host disease, antigen processing and presentation, NOD-like receptor signaling pathway and malaria. In addition, functional studies performed invitro using HSG cells treated with IL-22 indicated the direct effect of IL-22 on cell cycling, especially cell cycle arrest at the G2-M phase. These results clearly indicate the importance of IL-22 expression in the salivary glands.
IL-22 levels have been associated with many autoimmune and infectious diseases. Production of IL-22 by T H 17 and T H 22 cells is found in a number of autoimmune diseases such as rheumatoid arthritis and systemic lupus erythematosus [7] . SjS is characterized by lymphocytic foci in the salivary glands that can be correlated with disease progression and severity [27] . We have found high levels of IL-17 expressed in sera and LSG of pSjS patients; however, there was a lack of correlation with disease parameters [4] . The fact that IL-22 is found at high levels in patents' sera with significant disease phenotype correlations together with its high expression in the exocrine glands implicates its role in the autoimmune process [5] .
We have proposed that IL-17 directly contributes to the gross pathology and clinical outcome of SjS, specifically the formation of LF in the salivary glands and the decrease in saliva flow rates in animal models and human patients with SjS [28, 29] . However, until now, there has been limited data presented on whether IL-22 also contributes to the pathology observed in SjS. The current data further reveals a critical role of IL-22 in exerting potential changes on the infiltrating lymphocytic population and epithelial cells to elicit signals that could be pathogenic or protective on the salivary/lacrimal glands depending on the immunological or disease process. One important aspect is the possibility that IL-22 acts as a potential counter-balance to IL-17, providing a possible protective role, as reported for some bacterial/viral infections, inflammatory bowel disease, and hepatitis in experimental animal models [30] [31] [32] . The protective nature of IL-22 is even more evident by examining individual gene expressions by microarray. The upregulation of antimicrobial products (S100A9, DEF-β1) secreted in saliva is beneficial in maintaining and protecting the oral health, which is often compromised in SjS patients. Increase in HSPD1 or HSP60 upon IL-22 stimulation provides supporting evidence for the protective nature of IL-22 as demonstrated in an elegant study by Delaleu et al. [33] in which the authors determined that immunization with Hsp60 in NOD mice, an animal model of SjS, could retain normal saliva flow, lower focus score and systemic decrease in a majority of proinflammatory cytokines. Furthermore, a number of immunemodulating factors were found to be down-regulated in particular Il-1α, Il-1β, Il-8, Tgf-β1, chemokine ligand Ccl2, cadherin Cdh5, TNFrelated genes, and MHC complexes, thereby supporting a general suppressive nature of IL-22. MMP-9 is shown to be the major indicator of acinar cell destruction in salivary glands of SjS patients. A significant decrease in Mmp-9 following IL-22 stimulation could implicate the protective role of IL-22 in acinar cell integrity and homeostasis.
Biological and molecular function analyses with KEGG pathway suggest an important role of IL-22 in cellular viability and cell cycle. Using an in-vitro study to support the gene expression analysis, the present study demonstrated that IL-22 has the propensity to arrest cell proliferation, targeting the cell cycle at the G2-M phase. It is likely that this occurs by IL-22 down-regulating phosphorylation of the pro-proliferative signaling mediators ERK1/2 and AKT. Ciccia et al. determined that IL-22R and pSTAT3 are co-localized on mononuclear cells from salivary glands mononuclear cells and peripheral blood cells [34] . Our data indicated that IL-22-IL-22R is signaled via activation of STAT3/pSTAT3 with little change in STAT1, STAT5, and STAT6. Biological pathway analysis supports the anti-proliferative potential of IL-22 evidenced by 57 differentially down-regulated genes and only 11 genes up-regulated. A number of critical genes associated with cellular proliferation and significantly decreased upon IL-22 stimulation includes PCNA, INSIG1, FGFBP1, CYR61, and CTGF. Concomitantly, CEBPB, CDC20, SECURIN, and CDKN1C are up-regulated upon IL-22 activation. CEBPB and CDC20 elevation indicates the inhibition of proliferation [35, 36] . Interestingly, increased CDC20 levels, which are counteracted by the similar increase in anaphase inhibitor SECURIN, a molecule preventing cells from metaphase to anaphase transition [37] . CDKN1C regulates apoptosis, cell invasion and metastasis is also highly increased to promote cellular arrest [38] . Similarly, all the genes involved in p53 pathway are significantly downregulated via the KEGG analysis. P53 is a major pathway that contributes to many cellular processes including cell cycle arrest, apoptosis, DNA repair and damage prevention and inhibition of mTOR pathway [39] . The data suggest that IL-22 might have reduced viable cells in part by activating cell death programs as well as by cell cycle arrest. This observation is critical for the development of SjS since there is a considerable hyperplasia observed in the ducts in LSG of pSjS patients with concomitant loss of acinar cell mass [40] . Moreover, SjS is a hyperproliferative disorder of B cells that can eventually transition to ) in serum-free media were stimulated without (NS: no stimulation) or with rIL-22 at 10, 50, 100, and 500 ng. Cells lysates were obtained and separated by electrophoresis. The membranes were probed with specific primary antibodies, including anti-STAT3 and their anti-pSTAT3 (Cell Signaling, 1:1000 dilution for anti-STATs and -pSTATs) and anti-β-actin at 1:20,000 (Sigma). Membranes were probed with secondary antibody conjugated with IRDye infrared dye (1:20,000) for 1 h at RT. The signals were visualized using the Odyssey Dual-Mode Imaging System. Blots on each film were quantified by using ImageJ software (http://rsbweb.nih.gov/ij/index.htm) with relative fold difference obtained by normalizing against respective β-actin. Experiments were repeated twice for consistency. Statistical significance was determined using MannWhitney U test. The two-tailed p value b0.05 was considered significant. *p b 0.05, **p b 0.01, and ***p b 0.001. non-Hodgkin's lymphoma [40, 41] . Based on this result, IL-22 might have a role in providing protection, attempting to compensate against cellular hyperplasia and B cell hyperproliferation, especially in early stage disease. Further study is needed to determine if infiltrating immune cells are affected similarly by IL-22 activity.
In conclusion, these data suggest a critical role of IL-22 in modulating the salivary epithelial cells. Limited information has been generated dealing with the role of IL-22 in regard to critical biological processes linked to the development of SjS, including glandular development, regulation of steroid hormone stimulation and apoptosis. While the current studies have addressed some of these issues, and have shown a relationship of IL-22 with cell cycle arrest that might be a counter-balance to the high cell proliferation associated with onset of SjS, additional work is needed to fully elucidate the role of IL-22 in autoimmunity.
The data sets supporting the results of this article are available in the NCBI Gene Expression Omnibus repository, under Series accession number GSE74389 http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc=GSE74389. Supplementary data associated with this article can be found in the online version, at http://dx.doi.org/10.1016/j.gdata. 2015.11.014.
